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Abstract
Performance traits and body composition of
juvenile hybrid striped bass (Morone chrys-
ops 9 M. saxatilis) in response to hypoxia were
evaluated in replicate tanks maintained at con-
stant dissolved oxygen concentrations that aver-
aged 23.0  2.3%, 39.7  3.0% and 105.5 
9.5% dissolved oxygen saturation. Fish were fed a
commercially formulated feed daily to apparent
satiation. Total feed intake and fish growth and
yield increased linearly in response to increased
dissolved oxygen concentration. Nutrient utiliza-
tion was reduced significantly only at the greatest
level of hypoxia. With the exception of whole body
protein content, whole body compositional indices
and nutrient retention efficiencies were linearly
related to dissolved oxygen concentration. Results
demonstrate that as hypoxia becomes more severe,
juvenile hybrid striped bass feed intake is reduced,
which affects growth and nutrient retention.
Keywords: dissolved oxygen, hybrid striped
bass, hypoxia, Morone, nutrient retention,
nutrient utilization
Introduction
Feeding fish to apparent satiation during the grow-
ing season in warm water aquaculture ponds
ensures rapid fish growth. However, fish convert
only about 20–30% of feed nitrogen to biomass
and excrete the remainder as the metabolic
by-product, ammonia (Boyd 1985; Porter, Krom,
Robbins, Brickell & Davidson 1987; Krom & Neori
1989; Siddiqui & Al-Harbi 1999). Dense phyto-
plankton blooms typically develop in response to
the high nutrient inputs from high feeding rates.
Phytoplankton biomass is the main producer and
consumer of dissolved oxygen in aquaculture
ponds, and fish and benthic respiration combined
can account for up to 40% of the oxygen budget
(Boyd 1985). Photosynthetic oxygen production
often exceeds total pond respiration in intensively
managed ponds and dissolved oxygen (DO) con-
centration becomes super-saturated (Boyd 1990;
Boyd, Watten, Goubier & Wu 1994; Green, Rawles
& Beck 2012). However, after sunset, total pond
respiration can decrease DO concentrations to lev-
els that affect fish growth negatively or in extreme
cases even threaten their survival (Boyd, Davis &
Johnston 1978; Boyd 1990; Green et al. 2012).
Mechanical aerators operate nightly in intensively
managed production ponds to supply additional
DO to meet pond respiratory demands and main-
tain a minimum DO concentration (Boyd & Tucker
1979; Green et al. 2012).
Hybrid striped bass (HSB, Sunshine bass, Morone
chrysops Rafinesque 9 M. saxatilis Walbaum)
reared in intensively managed fingerling or food
fish production ponds will experience varying
degrees of hypoxia nightly during summer
months. The intensity of hypoxia depends on a
variety of factors including fish biomass, feeding
rate, phytoplankton bloom condition and installed
aeration capacity. Fish actively avoid hypoxic
waters where possible (Whitmore, Warren & Dou-
doroff 1960; Spoor 1990; Pihl, Baden & Diaz
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1991; Claireaux, Webber, Kerr & Boutilier 1995;
Wannamaker & Rice 2000). For example, the
European seabass (Dicentrarchus labrax Linneaus)
will modify its daily vertical migration to remain
in waters with 40% and greater DO saturation
(Schurmann, Claireaux & Chartois 1998). How-
ever, fish in aquaculture ponds have few options
to avoid severe hypoxic conditions, with the main
response being behavioral – fish will move to the
pond surface to pass oxygen-saturated surface
layer water over their gills (Burggren 1982) and/
or congregate around the discharge of the aerator.
Effects of hypoxia on fish growth are reported in
numerous studies conducted in tanks and aquaria.
Under conditions of severe hypoxia (20–25% DO
saturation), growth of juvenile channel catfish
(Ictalurus punctatus Rafinesque; Carlson, Blocher &
Herman 1980; Buentello, Gatlin & Neill 2000),
juvenile yellow perch (Perca flavescens Mitchill;
Carlson et al. 1980) and largemouth bass (Micr-
opterus salmoides Lacepede; Stewart, Shumway &
Doudoroff 1967) in tanks or aquaria was 45%,
70% and 28%, respectively, of that for fish main-
tained at normoxia (90–100% DO saturation).
Growth of European sea bass in tanks at moderate
hypoxia (40–63% DO saturation) was significantly
lower compared to fish held at normoxia
(86–103% DO saturation; Thetmeyer, Waller,
Black, Inselmann & Rosenthal 1999; Pichavant,
Person-Le-Ruyet, Le Bayon, Severe, Le Roux &
Boeuf 2001). No reports of the hypoxia tolerance
of HSB were found in the literature.
Slower growth observed for fish exposed to hyp-
oxic conditions is linked to reduced feed intake.
Compared to fish in normoxic waters, feed intake
by fish in moderately hypoxic waters was 25–54%
lower and in severely hypoxic waters it was up to
75% lower (Glencross 2009; Burt, Hamoutene,
Perez-Casanova, Gamperl & Volkoff 2014; Tran-
Duy, van Dam & Schrama 2012). Feed conversion
ratio or feed conversion efficiency under moderate
hypoxic conditions often did not differ from norm-
oxic conditions when fish were fed to satiation
(Thetmeyer et al. 1999; Pichavant et al. 2001;
Glencross 2009). However, a significant increase
in feed conversion efficiency was reported for Nile
tilapia exposed to severe hypoxia (Tran-Duy et al.
2012).
Our objective was to evaluate the performance
traits and body composition of juvenile HSB reared
in tanks at one of three constant dissolved oxygen
concentrations (25%, 40% or 100% of saturation).
Materials and methods
This research was conducted at the Harry K. Dup-
ree Stuttgart National Aquaculture Research Cen-
ter (HKD-SNARC), Agricultural Research Service
(ARS), US Department of Agriculture, Stuttgart,
Arkansas. Animal care and experimental protocols
were approved by the HKD-SNARC Institutional
Animal Care and Use Committee and conformed to
ARS Policies and Procedures 130.4 and 635.1.
Experimental units
This indoor tank study consisted of three indepen-
dent flow-through tank systems each comprised of a
700-L reservoir tank and four 250-L (208-L work-
ing volume) treatment tanks (experimental units).
Water in each reservoir tank was managed to main-
tain a constant DO concentration in each of the four
replicate treatment tanks of 25% (DO25), 40%
(DO40) or 100% (DO100) of saturation by addition
of pure nitrogen, air or pure oxygen. A submersible
pump in each reservoir (Pondmaster Model 18B;
Pentair Aquatic Ecosystems, Apopka, FL, USA)
pumped water to each experimental unit at
10.7 L min1 (hydraulic retention time = 19.5
min). A DO probe (model Type III; Oxyguard Inter-
national, Birkerød, Denmark; or model DO6200/T;
Sensorex, Garden Grove, CA, USA) was deployed at
25 cm depth in each treatment tank and reservoir
and DO concentration was monitored continuously
by datalogger (model CR206; Campbell Scientific,
Logan, UT, USA). A water temperature sensor
(model 109; Campbell Scientific) was deployed at
25-cm depth in each reservoir tank and one experi-
mental unit per DO concentration to monitor water
temperature continuously by data logger. Dissolved
oxygen concentration (% saturation) averaged
23.0  2.3%, 39.7  3.0% and 105.5  9.5%
(mean  SD) for the DO25, DO40 and DO100
treatment tanks respectively. Each morning, the DO
concentration in the DO40 and DO100 tanks was
increased 2–4% saturation to compensate for post-
prandial oxygen consumption, both of which are
evident in the mean treatment diurnal DO curves
(Fig. 1). The experiment was conducted at ambient
water temperature (22.6  0.6°C).
Fish husbandry
Thirty juvenile HSB (98.7  12.3 g; Keo Fish
Farm, Keo, AR, USA; 2011 year class) were
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randomly selected, tagged intramuscularly with a
passive integrated transponder (PIT) tag (Biomark,
Boise, ID, USA) for individual identification., and
stocked into each treatment tank on 28 September
2012; initial stocking density was 14.2 
0.5 kg m3. Fish in each tank were fed by hand
daily as much commercially formulated floating
extruded feed (Cargill Animal Nutrition; 45% crude
protein, 12% crude fat) as they would consume in
30 min. The quantity of feed fed to each tank was
recorded daily. Feed conversion ratio (FCR) for
each tank was calculated as the total quantity of
administered feed (dry matter basis) divided by net
fish production (wet weight basis).
Fish in each tank were sedated lightly and
weighed individually to the nearest 0.1 g every
24 days and returned to their respective tank; no
sampling-related mortalities occurred. All tanks were
harvested 73 days after stocking. Each fish was
weighed individually at harvest; each tank’s total fish
production was the sum of individual weights. Ran-
dom samples of five and three fish were collected for
determination of body compositional indices and
whole body composition, respectively, at harvest dur-
ing individual weighing from each treatment tank.
Body composition
Body compositional indices measured were:
Hepatosomatic index (HSI)
¼ liver mass 100 ðfish massÞ1
Viscerosomatic index (VSI)
¼ visceral mass 100 ðfish massÞ1
Muscle ratio (MR) ¼ skin-off fillet yield with ribs
 100 ðfish massÞ1
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Figure 1 Mean diurnal dissolved
oxygen (DO) concentration, as per
cent saturation, in the DO25 (top),
DO40 (middle) and DO100 (bot-
tom) treatment tanks stocked with
juvenile hybrid striped bass (Mo-
rone chrysops 9 M. saxatilis). Fish
were fed daily to apparent satiation
beginning about 14:00 hours. Fish
were grown for 73 days at dis-
solved oxygen concentrations that
averaged 23.0  2.3%, 39.7 
3.0% and 105.5  9.5% of dis-
solved oxygen saturation. Note
that for clarity vertical axis units
differ among figures.
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Fish for whole body analysis were frozen for
later determination of proximate composition
according to standard methods (AOAC 2005;
AOCS 2009). Briefly, frozen whole bodies of initial
fish taken at the beginning of the trials and fish
from each pond or tank at the end of the trials
were thawed, homogenized and analyzed in aggre-
gate as follows. Fish were individually ground into
a fine paste using a Retsch knife mill (Grindomix
GM300; Retsch GmbH, Haan, Germany) and the
resulting homogenates then pooled per treatment
replicate (tank, pond or initial fish) and thoroughly
mixed for 1–2 min in a chilled stainless steel bowl
using a commercial bench top mixer (Model A-
200; Hobart, Troy, OH, USA). One aliquot of each
homogenate was taken for moisture determination
and another 100 g aliquot was packed into a plas-
tic tray and lyophilized (FreeZone TriadTM freeze-
drier, Model 7400030; Labconco, Kansas City,
MO, USA) prior to protein, lipid and energy deter-
minations. Lyophilized samples were ground in a
Thomas-Wiley mill (Model 4; Thomas Scientific,
Swedesboro, NJ, USA) to produce a uniform pow-
der for analysis. Three subsamples of each freeze-
dried, ground homogenate were analyzed and
averaged to obtain one representative analyte
value per treatment replicate (tank, pond, or initial
fish). Moisture was determined after drying in a
convection oven (Isotemp 750F; Fisher Scientific,
Hanover Park, IL, USA). Protein (N 9 6.25) was
determined by the Dumas method using a LECO
nitrogen analyzer (FP428; LECO, St. Joseph, MI,
USA). Total energy was determined by isoperibol
bomb calorimetry (Parr1281 Parr Instrument,
Moline, IL, USA). Lipid was determined by gravi-
metric quantification following petroleum ether
extraction (AOCS 2009; Method AM 5-04) in an
ANKOM ST15 lipid extractor (ANKOM Technol-
ogy, Macedon, NY, USA). Protein or energy reten-
tion efficiency (RE) were determined by
comparative slaughter and calculated as RE = pro-
tein or energy gain 9 100/protein or energy fed.
Data analysis
Fish production, tissue composition and composi-
tional indices data were analyzed by mixed models
analysis of variance (ANOVA) or mixed models
ANOVA with repeated measures (compound sym-
metry covariance structure) using PROC MIXED in
SAS version 9.3 (SAS Institute, Cary, NC, USA).
Fixed effect was treatment (DO concentration) and
random effect was experimental unit (tank). Differ-
ences among least squares means were evaluated
in SAS using the DIFF option with the Tukey
adjustment of P values. Per cent data were either
arcsin or log transformed prior to data analysis
(Sokal & Rohlf 1995). Data also were subjected to
linear regression using PROC REG (SAS v. 9.3).
Results
Production response variables increased signifi-
cantly as DO saturation increased (Table 1). Com-
pared to the DO25 treatment mean gain, gains for
the DO40 and DO100 treatments were 3.3 and
4.9 times higher respectively. Final individual
weight of fish (y) increased linearly in response to
increased DO saturation (y = 117.983 + 1.199x,
R2 = 0.812, P < 0.0001) as did gross fish yield
(R2 = 0.822, P < 0.0001) and net fish yield
(R2 = 0.819, P < 0.0001).
Growth of individual fish in all treatments was
linear and slopes of individual growth curves dif-
fered significantly among treatments, whereas
intercepts did not. Mean individual growth curve
slope (y) increased linearly in response to DO con-
centration (x) (y = 0.236 + 0.018x, R2 = 0.820,
P < 0.0001). Least squares mean individual
growth curve slope was 0.418, 1.318 and 1.956
for the DO25, DO40 and DO100 treatments
Table 1 Least squares means for final fish weight (g
fish1), individual weight gain (%), gross fish yield (GFY,
kg m3), net fish yield (NFY, kg m3) and feed conver-
sion ratio (FCR) for juvenile hybrid striped bass (Morone
chrysops 9 M. saxatilis) reared for 73 days in 250-L
fiberglass tanks at constant dissolved oxygen concentra-
tions of 23.0  2.3% (DO25), 39.7  3.0% (DO40) or
105.5  9.5% (DO100) of saturation. Mean initial





gain GFY NFY FCR
DO25 126.1c 28.6c 18.2c 4.1c 2.6a
DO40 190.0b 94.0b 27.2b 13.1b 1.4b
DO100 239.3a 139.0a 34.6a 20.1a 1.3b
Pooled
SE
4.8 4.7 0.8 0.7 0.1
Pr > F <0.001 <0.001 <0.001 <0.001 <0.001
Linear regression
Pr > F <0.0001 <0.0001 <0.0001 <0.001 0.013
R2 0.812 0.796 0.822 0.819 0.477
*n = 4 replicates per treatment. Means within column followed
by the same letter are not significantly different (P > 0.05).
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respectively. The variance among slopes for indi-
vidual fish growth curves within treatment
increased with increasing DO concentration, but
not as rapidly as mean growth rate increased,
which resulted in the mean coefficient of variation
for growth rate decreasing from 36.68% (DO25)
to 23.66% (DO40) to 21.66% (DO100). Mean
growth rate (g d1) increased linearly with
increased total feed intake (Fig. 2).
Total feed fed (y; g tank1) increased linearly
with increased DO concentration (x; % saturation)
(y = 2093.3 + 35.7x, R2 = 0.839, P < 0.0001).
Fish in tanks consumed on average a total of
2358, 4211 and 5715 g feed in the DO25, DO40
and DO100 treatments respectively; treatment
means differed significantly from one another. Feed
was utilized less efficiently by DO25 fish compared
to DO40 and DO100 fish; FCR for the DO25 treat-
ment was approximately twice that of the DO40
and DO100 treatments.
Daily feed consumption (% biomass) was inde-
pendent of individual fish weight within each DO
treatment. Mean daily feed consumption (y) was
1.06%, 1.48% and 1.71% of fish biomass for the
DO25, DO40 and DO100 treatments, respectively,
and increased linearly with increased DO concen-
tration (x) (y = 1.019 + 0.007x, R2 = 0.762,
P = 0.0002).
Hybrid striped bass whole body lipid, energy and
moisture content were affected significantly by DO
concentration whereas protein content was not
(Table 2). Whole body lipid (%, fresh weight basis;
y) increased to a high of 9.0 % as DO concentra-
tion (x) increased to 100% saturation and was
described by the linear equation
y = 0.043x + 4.794 (R2 = 0.812, P < 0.001).
Whole body energy (cal g1, fresh weight basis)
also increased linearly (y = 3.309x + 1522.3,
R2 = 0.574, P < 0.001) with increasing DO.
Whole body moisture, on the other hand,
decreased linearly with increasing DO concentra-
tion (y = 0.037x + 71.408, R2 = 0.511, P <
0.001). Total feed fed affected HSB bioindices sig-
nificantly and was an indirect effect of DO concen-
tration. Mean whole body lipid and energy
contents increased linearly as total feed fed
increased (R2 = 0.900, P < 0.0001 and
R2 = 0.796, P < 0.0001, respectively), whereas
mean whole body moisture content decreased line-
arly (R2 = 0.790, P = 0.0001) with increasing
feed consumption.
Significantly larger livers (HSI) were observed in
HSB reared in the DO100 treatment compared to
the other two treatments (Table 2). Qualitatively,
the enlarged livers were noticeably pale and soft in
texture, while the other treatments collectively
exhibited livers that were darkened in appearance,
firm and friable. There was a positive linear rela-
tionship between HSI and DO concentration
(y = 0.0118x + 1.728, R2 = 0.415, P = 0.002).
Viscerosomatic index (VSI) and muscle ratio of
HSB reared in the DO25 treatment were signifi-
cantly lower than those indices observed at the
higher DO concentrations. As DO concentration
increased, VSI increased linearly (y = 0.014x +
5.195, R2 = 0.285, P < 0.001) to a high of
6.58%, whereas muscle ratio increased linearly
(y = 0.0338x + 43.776, R2 = 0.409, P < 0.0001)



















Feed intake (g tank–1)
Figure 2 Mean growth rate of
hybrid striped bass (Morone chrys-
ops 9 M. saxatilis) in relation to
total feed intake. Fish were grown
for 73 days at dissolved oxygen
concentrations that averaged
23.0  2.3%, 39.7  3.0% and
105.5  9.5% of dissolved oxygen
saturation.
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to a high of 47%. Mean HSI (R2 = 0.586,
P = 0.004), VSI (R2 = 0.579, P = 0.004) and MR
(R2 = 0.911, P < 0.0001) also increased linearly
as total feed fed increased.
Protein retention efficiency (PRE) increased with
increasing DO concentration (Table 2) and was
described by the relationship y = 0.1746x + 12.91
(R2 = 0.648, P = 0.002). Energy retention effi-
ciency (ERE) in fish reared in the DO25 treatment
(10.1%) was less than half to a third that of fish
reared in the DO40 (24.8%) and DO 100 (32.4%)
treatments respectively. Although ERE in the two
higherDO treatments didnot differ according toANO-
VA, a significant linear relationship (y = 0.248x +
8.795; R2 = 0.713, P < 0.001) between ERE and
treatmentDOconcentrationwas found.
Discussion
Aerobic metabolism is predicated on the fact that
oxygen supply is critical to the utilization of
energy substrates in metabolism (Kleiber 1961).
Thus, it is reasonable to expect that limiting oxy-
gen will limit dietary nutrient and energy utiliza-
tion, and, hence, fish growth. Hybrid striped bass
growth and body composition were affected signifi-
cantly by dissolved oxygen concentration when
reared in tanks at constant DO concentration. Fish
growth and feed intake increased significantly as
DO concentration increased. Our data show clearly
that growth was linearly related to total feed
intake (Fig. 2). A growth-feed intake relationship
under hypoxia is reported for channel catfish
(Andrews & Masuda 1975; Buentello et al. 2000),
striped bass (Brandt, Gerken, Hartman & Demers
2009), largemouth bass (Stewart et al. 1967), tur-
bot (Pichavant et al. 2001) and rainbow trout
(Glencross 2009). At the lowest constant DO con-
centration (DO25) HSB not only grew more slowly
because they consumed less feed but also con-
verted consumed feed to biomass less efficiently
than fish reared at higher DO concentrations. We
observed that fish in the DO25 treatment fed as
actively as fish in the other treatments when the
daily feeding began; however, their feeding activity
slowed quickly and ended sooner than for the
other treatments. Similar feeding behavior was
observed in response to hypoxia for brook trout
(Whitworth 1968). To conserve energy, fish
exposed to hypoxia reduce feeding activity (Chabot
& Claireaux 2008) and at less than 50% DO satu-
ration, digestion by cod (Gadus morhua Linneaus)
was reduced substantially (Claireaux, Webber,
Lagardere & Kerr 2000).
An energetic explanation for reduced feed intake
(Chabot & Claireaux 2008) is supported by Picha-
vant et al. (2001) who found routine oxygen con-
sumption in another moronid, European seabass,
higher when fed to satiation at normoxia than at
hypoxia because of the decrease in food intake in
Table 2 Least squares means ( SE) for whole body analyses (on a fresh weight basis) of lipid (%), energy (cal g1)
and crude protein (%), whole-body moisture (%), hepatosomatic index (HSI), viscerosomatic index (VSI) and muscle
ratio (MR) for juvenile hybrid striped bass (Morone chrysops 9 M. saxatilis) reared for 73 days in 250-L fiberglass tanks
at constant dissolved oxygen concentrations of 23.0  2.3% (DO25), 39.7  3.0% (DO40), or 105.5  9.5% (DO100)
of saturation
Treatment* Lipid Energy Protein Moisture HSI† VSI‡ MR§ PRE¶ ERE¶
DO25 5.5a 1576a 18.4a 70.6a 2.15b 5.47b 44.0b 13.0c 10.1b
DO40 6.9b 1691b 18.3a 69.7a 2.11b 5.85ab 45.9a 25.2b 24.8a
DO100 9.0c 1846c 18.4a 67.8b 2.94a 6.58a 47.0a 29.3a 32.4a
Pooled SE 0.3 29 0.25 0.50 0.12 0.24 0.3 0.7 1.3
Pr > F <0.001 <0.001 0.947 <0.001 0.002 0.032 <0.001 <0.001 <0.001
Linear regression
Pr > F <0.001 <0.001 NS** <0.001 <0.001 <0.001 <0.001 0.002 <0.001
R2 0.812 0.574 0.511 0.415 0.285 0.409 0.648 0.713
*n = 4 replicates per treatment. Means within a column followed by the same letter are not significantly different (P > 0.05).
†Hepatosomatic index = liver mass 9 100 9 (fish mass)1; values are mean determinations on 3–5 fish per tank.
‡Viscersomatic index = viscera mass (including abdominal fat, excluding gonads) 9 100 9 (fish mass)1; values are mean determi-
nations on 5 fish per tank.
§Muscle ratio = fillet mass 9 100 9 (fish mass)1; values are mean determinations on 5 fish per tank.
¶Protein (P) or energy (E) retention efficiency (RE) = protein or energy gain 9 100 9 (protein or energy fed)1.
**Regression models are not significant (NS) at P > 0.05 and R2 < 0.25.
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the latter. In this study, feed intake differed mark-
edly among oxygen levels, even between normoxia
(DO100) and moderate (DO40) hypoxia; however,
Burt et al. (2014) found no evidence that moder-
ate hypoxia (45–65% saturation) significantly
impacted mRNA expression of two key regulators
of fish appetite: hypothalamic cocaine- and
amphetamine-regulated transcript (CART) or neu-
ropeptide Y (NPY). Indeed, a change in leptin –
another appetite regulator – expression through
hypoxia-inducible factor 1 (HIF-1) was evident only
at severe (13% saturation) hypoxia in zebrafish
(Danio rerio Hamilton) (Chu, Li & Yu 2010). On the
other hand, HIF-1 expression was significantly
increased in liver tissue of European seabass in
response to both acute (1.9 mg L1, dissolved
oxygen for 4 h) and chronic (4.3 mg L1, 51% DO
saturation for 15 days) hypoxia (Terova, Rimoldi,
Cora, Bernardini, Gornati & Saroglia 2008).
At DO concentrations of 100 and 40% satura-
tion, FCRs were remarkably similar among hybrid
striped bass in our study, in spite of a 26% differ-
ence in feed consumption. Pichavant et al. (2001)
also found no difference in European seabass feed
efficiencies at moderate hypoxia in spite of a
decline in feed intake. On the other hand, Burt
et al. (2014) found distinct differences in not only
feed consumption (24%) but also feed efficiency
when Atlantic salmon (Salmo salar Linneaus) were
exposed to normoxia (95% saturation) as opposed
to moderate hypoxia. Although total daily feed
consumption by HSB in our tanks increased signif-
icantly with increasing DO concentration, daily
feed consumption as a percentage of body weight
was not affected significantly by DO concentration.
In contrast, daily feed consumption as a percent-
age of body weight was inversely related to DO for
channel 9 blue hybrid catfish (Green et al. 2012)
and Nile tilapia (Tran-Duy et al. 2012). The
absence of a relationship between daily feed con-
sumption and HSB body weight at any DO concen-
tration in the present study likely resulted from
the small range in individual weights (0.1–0.2 kg
fish1) observed. In contrast, individual weights
ranged from 0.1 to 0.8 kg fish1 in catfish studies
(Green & Rawles 2011; Green et al. 2012) and
from 0.2 to 0.37 kg fish1 in Atlantic salmon
studies (Burt et al. 2014), where daily feed con-
sumption varied significantly in response to indi-
vidual weight.
While fish exposed to hypoxia reduce feed intake
as an energy conservation strategy, feed utilization,
as expressed by feed conversion ratio or feed effi-
ciency, reported for many tank studies (e.g. Thet-
meyer et al. 1999; Pichavant et al. 2001;
Glencross 2009) and for pond studies (Torrans
2005, 2008; Green & Rawles 2011; Green et al.
2012) was unaffected by hypoxia. However, Tran-
Duy et al. (2012) reported an FCR for Nile tilapia
grown at 20% DO saturation that was 5.4-times
greater than those for fish reared at 33–78% DO
saturation. These authors attribute this poor feed
utilization to the hypoxia-induced reduced feed
intake being close to the fish’s maintenance
requirement. In fact, the 1-g weight gain by these
fish, compared to the 36–79 g weight gain by fish
in the higher DO treatments, supports their
hypothesis that feed intake was close to the main-
tenance requirement. The significantly higher FCR
observed in the DO25 treatment indicates that
hypoxia affected feed utilization, but feed intake
exceeded the maintenance requirement given the
29% weight gain by fish.
The results we obtained in our study both sup-
port and extend somewhat those obtained by Glen-
cross (2009), who applied a bioenergetics
approach to examine nutrient utilization with
respect to hypoxia, as opposed to the apparent
satiation feeding approach used here. In the for-
mer study, five ration levels, from satiation to star-
vation, were fed at each oxygen tension to
extricate level of feed intake from oxygen effects.
In our approach, in which fish were fed to satiety
at each DO concentration, it is somewhat difficult
to untangle variable nutrient utilization, as mea-
sured by FCR or protein and energy retention,
from the variable intake we noted at each O2 level.
Using the ration-level approach, however, Glen-
cross (2009) found that between normoxic (97%)
and moderate hypoxic (42%) DO saturations, fish
reduced feed intake but protein and energy utiliza-
tion efficiencies were, for the most part, unaffected.
Moreover, protein retention was nonlinear with
respect to intake and energy retention was linear.
However, at the lowest rates of intake correspond-
ing to the lowest maintained oxygen tensions in
that study, Glencross (2009) also found indica-
tions that energy utilization, i.e. retention effi-
ciency, marginally differed between normoxia and
hypoxia within the moderate range of oxygen lev-
els tested. It was suggested, additionally, that since
respiratory quotient presumes a definitive ratio
between oxygen consumption and protein [or
lipid] metabolism, differences in protein and energy
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utilization may differ more than marginally, when
oxygen supply is more severely restricted than the
42% saturation level tested by Glencross (2009).
From this standpoint, our results present some
interesting findings. In the current study, for
example, FCRs and ERE were not different between
100% and 40% DO saturation and though protein
retentions did differ significantly between 100%
and 40% DO saturation, they were similar in mag-
nitude (25% vs. 29%). However, FCR at 25% DO
saturation was approximately twice that observed
at 100% and 40% DO saturation. Similarly, pro-
tein (PRE) and energy (ERE) retentions at severe
hypoxia (DO25) were lower than those observed
at normoxia (DO100) to moderate hypoxia
(DO40). Hence, our results corroborate the rela-
tionships offered by Glencross (2009) for the same
range of oxygen tensions but support the idea that
dietary nutrient utilization differs markedly at oxy-
gen concentrations of less than 40% saturation
and near maintenance requirements.
The trends in feed efficiency and nutrient reten-
tion efficiencies we observed in our study are also
supported by some of the changes observed in
whole body composition. Whole body lipid and
energy, for example, increased as the level of oxy-
gen saturation increased, whereas whole body
protein remained stable, which is compatible with
an energetic point of view since lipid metabolism
requires a greater amount of oxygen per unit
metabolized than protein metabolism (Kleiber
1961). The opposite trends seen in whole body
moisture and lipid reflect a commonly observed
inverse relationship between these two body
depots in relation to nutrient intake (Shearer
1994). Interestingly, though PRE declined by half
with decreasing DO, whole body protein was
unaltered and muscle ratio was minimally
affected – declining only three percentage points.
These observations reflect conservation of whole
body protein metabolism and depots (Glencross
2009), even at the near maintenance feed intake
level we observed at the lowest tested DO concen-
tration.
The modest but statistically significant decrease
observed in HSI from normoxia (2.94%) to severe
hypoxia (2.11%) may be related to mobilization
and loss of hepatic glycogen due to hypoxia-
induced stimulation of glucose transport (GLUT2),
which would be required to provide sufficient glu-
cose substrate for an elevated ATP demand in
anaerobic metabolism (Terova, Rimoldi, Brambilla,
Gornati, Bernardini & Saroglia 2009). Similarly,
the concomitant reductions in VSI, whose main
components are gastrointestinal tract and its asso-
ciated intraperitoneal fat, may be attributable to
an increased loss of energy depots in moronid en-
terocytes (Terova et al. 2009), which showed the
highest levels of hypoxia-induced GLUT2 expres-
sion (followed by liver), coupled with less glucose
partitioned toward intraperitoneal fat via lipogenic
pathways. An application of recent findings in fish
bioenergetics may also help explain these observa-
tions: Glencross and Bermudes (2012) showed
that as temperature stress increases there is an
increase in digestible protein (DP) to DE demand.
Since an indirect effect of increasing culture tem-
perature is decreasing culture system DO, it follows
that without increasing feed protein level, fish
would consume less protein per feeding event
given a limited amount of energy to expend in
food capture, resulting in a greater portion of
intake partitioned to maintenance requirements.
Hence, a nutrient denser feed offered during less
than optimal DO concentrations might improve
protein and energy retention, and increase
reserves of energy substrates in their respective
depots, i.e. HSI, VSI and muscle.
Conclusions
Our results describe how performance traits and
body composition of juvenile hybrid striped bass
are affected by hypoxia. Total feed intake and fish
growth decrease with DO concentration. Feed utili-
zation is reduced significantly under conditions of
chronic severe hypoxia (25% DO saturation).
Nutrient utilization and retention for fish reared
under chronic normoxic to moderately hypoxic
conditions are consistent with results from other
studies, but support the idea that dietary nutrient
utilization differs markedly at oxygen concentra-
tions of less than 40% saturation and near main-
tenance requirements. Hence, there is a significant
need for research aimed at refining both oxygen
levels and mechanisms modulating feed intake in
moronids for production in warmer temperature
and reduced oxygen clines.
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